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Abstract
Microarray data analysis has been shown to provide an effective tool for studying cancer and genetic diseases. Although
classical machine learning techniques have successfully been applied to find informative genes and to predict class labels
for new samples, common restrictions of microarray analysis such as small sample sizes, a large attribute space and high
noise levels still limit its scientific and clinical applications. Increasing the interpretability of prediction models while
retaining a high accuracy would help to exploit the information content in microarray data more effectively. For this
purpose, we evaluate our rule-based evolutionary machine learning systems, BioHEL and GAssist, on three public microarray
cancer datasets, obtaining simple rule-based models for sample classification. A comparison with other benchmark
microarray sample classifiers based on three diverse feature selection algorithms suggests that these evolutionary learning
techniques can compete with state-of-the-art methods like support vector machines. The obtained models reach accuracies
above 90% in two-level external cross-validation, with the added value of facilitating interpretation by using only
combinations of simple if-then-else rules. As a further benefit, a literature mining analysis reveals that prioritizations of
informative genes extracted from BioHEL’s classification rule sets can outperform gene rankings obtained from a
conventional ensemble feature selection in terms of the pointwise mutual information between relevant disease terms and
the standardized names of top-ranked genes.
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Introduction
Gene expression profiling and data analysis is a widely used
approach to gain new insights on the regulation of cellular
processes in biological systems of interest. For this purpose,
common statistical methods and machine learning techniques can
be employed, including clustering methods to discover classes of
related biological samples, feature selection methods to identify
informative genes and classification methods to assign class labels
to cell samples with unknown biological conditions.
Here we focus on supervised gene expression analysis of cancer
microarray data using feature selection and classification methods.
Further progress in the accuracy and interpretability of microarray
classification models is of great practical interest, since a more
accurate cancer diagnosis using microarrays would help to prevent
inappropriate therapy selection.
Although high prediction accuracies have already been reached
on many microarray cancer datasets, the models are often very
complex and difficult to interpret, and lack robustness when being
applied on external data from other experimental platforms.
Specifically, challenges arise from small sample sizes, large
numbers of uninformative genes, high noise levels, several outliers
and systematic bias. While experiments can often be conducted
with high reproducibility within a single laboratory, results
obtained based on different chip technologies and experimental
procedures from different laboratories are often hardly compara-
ble. Some of these issues can be addressed by using cross-study
normalization methods and integrative microarray analysis [1,2]
or by combining microarray data with clinical data [3,4]. To
obtain further improvements, in previous studies we have
employed ensemble learning techniques [5–7] and integrated data
from cellular pathways, co-expression networks and molecular
interactions into the analysis [8–11]. However, there remains a
need for more accurate, robust and easily interpretable prediction
methods.
In order to alleviate some of the typical problems of current
microarray studies and show the benefits of rule-based evolution-
ary machine learning systems for microarray sample classification,
resulting from the capabilities of evolutionary computation and the
enhanced interpretability of decision rules, we evaluate our
previously developed machine learning systems BioHEL [12–15]
and GAssist [16–20] on three large-scale, public microarray
cancer datasets.
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Evolutionary learning methods have already been applied
successfully in different microarray studies, e.g. for selecting
informative subsets of genes [21–23], for clustering and bicluster-
ing [24–26] and sample classification [27–29]. Moreover, in recent
years new rule-based classification approaches were successfully
tested on high-dimensional gene array data [30–33], providing
human-interpretable rule sets as models.
The machine learning systems presented in this paper combine
these two paradigms, evolutionary search and rule learning,
providing both an effective search space exploration and an
enhanced model interpretability. In particular, BioHEL’s con-
junctive rules can point the experimenter to potential functional
association between genes [34], and its value range rules provide
the user with an indication on whether a gene tends to be up- or
down-regulated in the corresponding biological condition, given
the complete value range across all samples. An illustration of the
entire analytical protocol is shown in Fig. 1. First, we normalize
each microarray dataset and pre-filter the attributes to reduce the
dimensionality. Next, we apply our learning algorithms BioHEL
[12–15] and GAssist [16–20] in combination with different feature
selection algorithms using a cross-validation scheme and repeat
this process with three alternative classifiers (see Experimental
protocol). In the last step, the generated prediction results and the
genetic probes (later referred to by their corresponding genes) that
were considered as most informative by the learning system are
analyzed statistically and using a text-mining approach to find
associations between relevant disease terms and corresponding
standardized gene identifiers.
We will discuss these steps in detail according to the following
structure: In the Methods section we provide a step-by-step
description of our experiments and explain each of the used
techniques in detail, dealing first with the feature selection
approaches, then with the machine learning systems BioHEL
and GAssist, and finally with the datasets and pre-processing
methods. The Results section contains the prediction results of
running BioHEL, GAssist and the alternative classifiers on the
three microarray cancer datasets. Moreover, this section presents a
post-analysis of the results using biomedical literature mining. In
the Conclusions section, we provide an outlook on further possible
extensions of the classification framework.
In summary, the overall aim of the study was to obtain more
biologically interpretable models for microarray cancer sample
classification, which enable a robust prioritization of putative
biomarkers and reach competitive prediction accuracies. Instead
of tweaking algorithms or re-developing them from scratch to
maximize accuracy at the cost of higher complexity, the goal was
achieved by a new analysis pipeline that investigates how different
algorithms profit from external feature selection, and that exploits
the known benefits of existing evolutionary algorithms in terms of
search space exploration and exploitation, and of rule-based
learning methods in terms of interpretability.
Methods
Experimental Protocol
Our analysis pipeline to compare both feature selection and
prediction methods for microarray sample classification consists of
three basic steps: Data pre-processing, supervised analysis of the
data and post-analysis of the results.
In the first stage, the microarray datasets are pre-processed and
normalized (see section Datasets). Next, an external cross-
validation is performed [35], i.e. in each cycle of the cross-
validation, first a feature selection method is applied on the current
training data and the resulting subset of features is used to classify
the test set samples with a machine learning method. This
procedure is employed using both 10-fold cross-validation (CV,
with random splits but consistent splits across all comparisons) and
leave-one-out CV (LOOCV) and different combinations of feature
selection and classification algorithms. Specifically, the feature
selection methods include the univariate filter ‘‘Partial-Least-
Squares based Feature Selection’’ (PLSS), the combinatorial filter
‘‘Correlation-based Feature Selection’’ (CFS) [36] and the
embedded feature selection method ‘‘Random Forest based
Feature Selection’’ (RFS, all selection methods are discussed in
detail below). The classification methods include our own methods
BioHEL and GAssist, a support vector machine [37], a Random
Forest classifier (RF) [38] and the ‘‘Prediction Analysis of
Microarrays’’ method (PAM) [39]; see flowchart in Fig. 1.
In the last step of the protocol, we use a literature mining
analysis to compare rankings of informative genetic probes
(referred to as genes in the Results section, because all selected
genetic probes could be mapped to a unique gene identifier via the
mapping information provided by the chip manufacturer),
obtained from classical feature selection methods and from a
post-processing of the rule-based models generated by the BioHEL
approach.
Datasets
All methods are evaluated on three public microarray cancer
datasets representing three different types of cancer: Prostate
cancer (52 tumor samples vs. 50 controls) [40], lymphoma (58
Diffuse large B-cell lymphoma samples vs. 19 follicular lymphoma
samples) [41], and a breast cancer dataset obtained from the
collaborating Queens Medical Centre in Nottingham (84 luminal
samples vs. 44 non-luminal samples) [6,42–44] (see Table 1).
Details for each dataset and pre-processing method used in this
comparative evaluation are provided in the Material S1. All pre-
processed datasets are also available online (http://icos.cs.nott.ac.
uk/datasets/microarray.html), including the cross-validation sub-
sets after feature selection.
Feature Selection Methods
The high number of features (genetic probes) and the relatively
small number of observations (samples) in typical microarray
studies pose various statistical problems, which are known as the
‘‘curse of dimensionality’’ in machine learning (see [45]).
Therefore, after the normalization and pre-filtering of the original
datasets, we apply different feature selection approaches to extract
compact sets of discriminative attributes prior to the application of
classification methods. Moreover, in order to evaluate to which
extent our evolutionary machine learning approaches BioHEL
and GAssist are capable of classifying samples without prior
attribute selection, we evaluate the predictive performance of these
approaches both with and without a dedicated external feature
selection.
To account for the diversity of feature selection methods, three
types of selection approaches are considered separately: A
univariate filter (PLSS [46]), a combinatorial filter (CFS [36])
and an embedded selection approach (RFS [38]). Importantly, we
only consider algorithms which are guaranteed to have a feasible
runtime even on very large datasets, and instead of attempting to
identify all relevant features, we aim at avoiding the selection of
redundant features, which can degrade the classification perfor-
mance (see [47] for a comparison of the all relevant selection
problem against the minimal-optimal selection problem considered
here). For a general review on feature selection approaches in
bioinformatics, please see [48].
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For all feature selection methods the maximum feature subset
size was set to 30 to prevent over-fitting, reduce the model
complexity and the probability of including false positive features
(however, the methods are allowed to flexibly select less than 30
features). This upper bound was chosen according to the results of
studies estimating the approximate number of features to be
selected in different types of microarray studies to obtain only
genetic probes with significant informative value on the outcome
attribute (using different models to compute p-value significance
scores, see [49–51]). The selection methods are described in detail
in the following paragraphs.
Partial-Least-Squares Based Feature Selection (PLSS)
As a representative of a classical univariate filter, a method using
the Partial Least Squares (PLS) [52] algorithm is employed.
Specifically, the features are ordered by the absolute values of the
weight vector defining the first latent component in a PLS model
that was built upon the training data. As previously shown [53],
the ordering of features obtained from this approach is equivalent
to the F-statistic used in analysis of variance (ANOVA). Thus,
instead of the PLS calculation, the F-statistic itself could have been
used, but PLSS provides a more efficient way of performing the
computation (the fast SIMPLS algorithm [54] is used for this
purpose).
Correlation Based Feature Selection (CFS)
The combinatorial filter method CFS [36] searches for subsets
of features that have high correlation to the outcome variable but
low correlation amongst each other. This concept is formalized by
the following feature subset score:
Figure 1. Flowchart illustrating the experimental procedure. The protocol consists of three steps: 1) Pre-processing; 2) Supervised analysis; 3)
Post-analysis.
doi:10.1371/journal.pone.0039932.g001
Table 1. Datasets used in this paper.
Dataset Platform No. of genes No. of samples References
class 1; class 2
Lymphoma Affymetrix 7,129 58 (D); 19 (F) [41]
Prostate Affymetrix 12,600 52 (T); 50 (N) [40]
Breast Illumina 47,293 84 (L); 44 (N) [6,42–44]
doi:10.1371/journal.pone.0039932.t001
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CFS(S)~
k:crfﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kzk(k{1)cff
p ð1Þ
where S is the selected subset with k features, crf is the average
feature-class correlation and cff the average feature-feature
correlation. While the denominator reduces the score for
correlated features to eliminate redundant variables, the numer-
ator promotes features with high correlation to the class variable to
retain them as powerful discriminators. As proposed in the original
CFS publication, a greedy best-first search strategy was employed
to explore the feature subset space [36].
Random Forest based Feature Selection (RFS)
In contrast to the CFS and the PLSS algorithm, the attribute
selection based on the Random Forest classifier [38] uses a method
directly embedded into the prediction algorithm. Specifically, a
Random Forest model is built by training many binary, unpruned
decision trees on bootstrap sub-samples of the training data. The
importance of a feature can be evaluated based on the Gini index
node impurity measure [55], by calculating the mean decrease in
this measure (MDG) from parent nodes to their direct descendent
nodes over all tree nodes, or alternatively, by the mean decrease in
accuracy (MDA). Different machine learning studies have
obtained different results regarding the comparative robustness
of the MDA and MDG [56,57], but on microarray gene
expression data the results for these two impurity measures have
been observed to be very similar [58]. Thus, only the MDG
criterion will be considered in this study. A feature subset is
obtained from the corresponding attribute ranking by selecting the
top n features (here, n is chosen such that the obtained subset sizes
are comparable to those in the CFS method).
Classification: BioHEL and GAssist
BioHEL (Bioinformatics-Oriented Hierarchical Learning) [12–
15] is an evolutionary machine learning system employing the
Iterative Rule Learning (IRL) paradigm [59,60] (BioHEL’s source
code is available online: http://icos.cs.nott.ac.uk/software/biohel.
html). The IRL procedure begins with an empty rule set and the
complete set of observations as input. Classification rules are
added iteratively to the set of rules until their combination covers
all samples. The final outputs are structured rule sets, also known
as decision lists [61]. A real example rule set obtained on the
prostate cancer dataset is shown in Fig. 2 and highlights the
different rule types in BioHEL: Conjunctive rules, which can provide
information on potential functional associations between genes;
value range rules, which highlight the preferential up- or down-
regulation of genes under different biological conditions and the
robustness for a class assignment in terms of the relative width or
narrowness of an expression value range; and default rules, which
apply if none of the previous specific rules is matched. Each time a
new decision rule has been learnt and added to a corresponding
rule set, the observations it covers are removed from the examples
set.
To explore the search space of possible rules efficiently, BioHEL
uses a standard generational Genetic Algorithm (GA) which is
applied in each IRL iteration to find the best rule for samples
which have not yet been covered by rules found in previous
iterations. Since GAs are non-deterministic, multiple repetitions of
the rule learning process with identical training sets can be used to
increase the probability of finding the optimal rule. Additionally,
repetitions of the complete learning process (i.e. generating a
complete rule set and not just a single rule) can also be applied, in
order to combine several rule sets to a majority-vote consensus
prediction and benefit from the variance-reducing effects of
ensemble learning [62].
In order to find the best rule in each IRL iteration, the fitness
function used in the GA accounts both for the accuracy and the
generality, i.e. the number of covered observations, of a rule. In
BioHEL, this fitness function is based on the Minimum
Description Length (MDL) principle [63] and rewards rules with.
N high accuracy, i.e. rules that classify most samples correctly,
N high coverage, i.e. rules that match many samples, and
N low complexity, i.e. rules with simple predicates.
The exact definition of BioHEL’s fitness function has been
presented and discussed elsewhere [15]. However, as regards the
rule coverage, it is worth mentioning that rules in BioHEL which
cover a certain minimum percentage of observations receive a
high reward, but after surpassing this threshold, the additional
reward for covering more samples is smaller.
BioHEL has been strongly influenced by its predecessor
software GAssist [16–20] (http://icos.cs.nott.ac.uk/software/
gassist.html), from which it has inherited the knowledge represen-
tation. In contrast to the IRL approach employed in BioHEL,
GAssist is a Pittsburgh-style learning classifier system [64], i.e. the
individuals that are evolved in a generational GA are not single
classification rules but rule sets representing complete tentative
solutions of the data mining problem. For the exact definition of
GAssist’s fitness formula, please see [16].
Previous empirical comparisons of BioHEL and GAssist have
shown that GAssist tends to perform better on small datasets,
whereas its successor BioHEL provides superior performance on
large datasets, both in terms of number of instances and/or
number of attributes. Thus, we employ both methods here to
investigate their relative predictive power on microarray data. In
particular, BioHEL was the only predictor for which an
application on microarray data without external feature selection
was possible in a feasible runtime for the LOOCV runs, hence,
this learning method was applied both with and without external
feature selection.
The cross-validation procedure, BioHEL and the alternative
benchmark algorithms and feature selection methods have been
integrated into our publicly available web-based microarray data
analysis software ArrayMining [5].
Evaluation Methods and Implementation Parameters
The main evaluation method used in this study is a cross-
validation scheme known as two-level external cross-validation [35]. In
an external cross-validation, the feature selection algorithm is
applied independently to each training set generated across the
cycles of the validation procedure. This approach avoids the
selection bias of classical internal cross-validation, where feature
selection is only performed once on the whole dataset prior to the
cross-validation [65]. Two-level external cross-validation uses an
additional nested cross-validation to optimize the parameters for
the prediction algorithm using a grid search. We apply this second
level of cross-validation to fit the parameters for the alternative
benchmark predictors SVM, RF, and PAM.
BioHEL is used with the same default parameters as stated in
[15] except for the number of iterations which is set to 500 and the
probabilities for generalization and specialization which are set to
0.5. GAssist is applied using its default parameters [19] except for
the number of iterations which is set to 500 as well. Both GAssist
and BioHEL were run 100 times for each training set with
different random seeds. Each run resulted in a rule set. An
Rule-Based Candidate Disease Gene Prioritization
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ensemble of the resulting 100 rule sets was used to predict the
corresponding test set.
In order to compare BioHEL and GAssist against commonly
used methods for microarray sample classification, the whole
cross-validation procedure was applied to three alternative
benchmark classifiers: A support vector machine (SVM) [37], a
random forest classifier (RF) [38] and the ‘‘Prediction Analysis of
Microarrays’’ method (PAM) [39].
The support vector machine we use is a linear kernel C-SVM
from the e1071-package of the R statistical learning environment,
a wrapper for the well-known LibSVM library. Other polynomial
kernels and the radial basis function kernel were tested without
providing superior results in our experiments (data not shown).
This observation matches well to earlier findings in the literature
according to which linear kernel SVMs often perform similar or
better on microarray data than SVMs using polynomial kernels of
higher degree [66,67]. To employ the RF and PAM method, we
used the corresponding R packages randomForest and pamr which
are both available on the website of the Comprehensive R Archive
Network (CRAN, http://cran.r-project.org).
For the comparison of our method with alternatives from the
literature we only considered approaches using cross-validation for
evaluation, since methods based on a single random training/test
set partition are now widely regarded as unreliable [65]. For the
same reason, we also exclude methods from the literature using
internal cross-validation instead of external cross-validation,
wherever this was clearly stated by the authors.
Since higher-level statistical analysis of microarray data can
depend significantly on the data pre-processing procedure, we
additionally investigate the robustness of the prediction and
feature selection results for different pre-processings applied to the
largest benchmark dataset. New pre-processings were obtained by
using two different fold-change filters and 4 different settings for
the maximum number of selected features, and the entire
analytical protocol was run again for each of these variants. The
stability of the results was analyzed both in terms of the cross-
validated prediction results and the number of shared selected
features across all the CV-cycles (see Material S1 for the results
and discussion of all robustness analyses).
Importantly, the obtained prediction models are only applicable
to samples from the same platform, cell type, environmental
conditions and experimental procedure. However, as our classi-
fiers support both continuous and discretized input data, they are
compatible with most of the cross-study normalization methods
that have been proposed in the literature to extend the
applicability of machine learning models across different experi-
mental platforms (we have previously developed a corresponding
software framework that provides access to several of these cross-
platform integration methods online [5]).
Literature Mining Analysis of Selected Genes
The statistically significant differential expression of genes and
their utility as predictors in a machine learning model for sample
classification can indicate functional associations between these
genes and the biological conditions of the cells under consideration
(strictly speaking, our models use genetic probes instead of genes,
but since we obtained a unique mapping for all selected probes, we
will refer to their corresponding genes in the following). However,
although these information sources are useful for the prioritization
of candidate disease genes in biomedical studies, only experimental
evidence or previous knowledge from the literature can demon-
strate a functional association with the biological conditions of
interest.
One of the most promising candidate genes obtained from our
analysis of the breast cancer dataset was successfully evaluated in
an experimental study in collaboration with the Queen’s Medical
Centre in Nottingham by immunohistochemistry using tissue
microarrays across 1140 invasive breast cancer samples (see our
previous publication [6], the visualization of the dataset in [68],
and the Results section below), however, an experimental
validation of all top-ranked genes across all three microarray
cancer datasets was not within the scope of this study.
Therefore, in order to examine potential associations between
the disease conditions represented by the three datasets and the
informative genes obtained from the feature selection methods and
the most frequently occurring attributes in BioHEL’s rule sets, a
literature mining analysis was applied to these genes using full-text
articles from the PubMed database. Specifically, we scored
Figure 2. A BioHEL classification rule set obtained for the prostate cancer dataset and illustrating different types of rules. ‘‘Exp(x)’’ is
short for ‘‘Expression of gene x’’, where x is a HUGO gene symbol, ‘‘^’’ represents the conjunctive AND-operator, ‘‘[x,y]’’ is an interval of expression
values in which the value of the attribute must lie to fulfill one premise of the rule, and ‘‘-w’’ is a class assignment operator, followed by the output
class of the rule. Rule 5 is a default rule that applies if no rule above is matched.
doi:10.1371/journal.pone.0039932.g002
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putative associations between standardized names of top-ranked
genes and disease terms from a controlled vocabulary (the Medical
Subject Headings (MeSH) disease headings) by determining the
frequency of occurrence and co-occurrence of the corresponding
terms and computing the pointwise mutual information (PMI)
[69]. The PMI of two terms t1 and t2, occurring with relative
frequency f(t1) and f(t2), and co-occurring with relative frequency
f(t1,t2) in a database of documents is defined as follows:
PMI(t1,t2)~log(
f (t1,t2)
f (t1)  f (t2) ) ð2Þ
The specific MeSH disease terms used here were ‘‘prostatic
neoplasms’’ for the prostate cancer dataset, ‘‘breast neoplasms’’ for
the breast cancer dataset, and ‘‘lymphoma, b-cell’’ for the b-cell
lymphoma dataset (PubMed articles are manually annotated by
experts with these and other terms from the MeSH controlled
vocabulary thesaurus). The PMI-value for a pair of gene/disease
terms can thus be used to rank and prioritize potential functional
associations, and similar PMI-based scoring schemes have
previously been used to rank the similarity of genes and drugs
using literature mining [70].
Since the PMI-scores for single gene/disease term pairs are not
reliable enough to compare the utility of different disease gene
prioritizations, we first computed the sum of positive PMI-scores
across all top-ranked genes obtained from either the feature
selection methods or the most frequently occurring attributes in
the BioHEL rules sets. Genes with negative PMI-scores were
considered as irrelevant and the corresponding score was set to
zero, since the magnitude of negative scores is likely subject to
random noise. The final sums of scores were compared against
corresponding scores for 100 randomly selected matched-size gene
sets from the corresponding microarray platforms. P-value
significance scores were estimated by the proportion of times
higher PMI-scores were achieved by the random model in
comparison to the algorithmic selection methods. The top-ranked
genes were defined as those genes that had been selected by at least
two different feature selection methods, (i.e. genes corresponding
to an ensemble selection), which resulted in compact sets of less
than 20 selected attributes for each of the three datasets (see
Results section). The same numbers of genes were selected from
the most frequently occurring features in the BioHEL rules sets in
order to obtain a fair comparison between this BioHEL-based
feature selection and the ensemble feature selection obtained from
the dedicated selection methods.
Results and Discussion
Comparison of Prediction Results
An overview of the comparative prediction results obtained with
all combinations of feature selection, prediction methods and
datasets is given in Table 2 for 10-fold CV and Table 3 for
LOOCV. Below the results for all datasets are discussed.
Table 2. 10-fold cross-validation results.
Dataset
Feature
Selection Classification AVG (%) STDDEV
CFS BioHEL 91 8
CFS GAssist 93 10
CFS SVM 90 10
CFS RF 92 11
CFS PAM 91 10
PLSS BioHEL 92 8
PLSS GAssist 93 9
Prostate cancer PLSS SVM 90 11
PLSS RF 92 9
PLSS PAM 94 8
RFS BioHEL 89 8
RFS GAssist 92 12
RFS SVM 88 8
RFS RF 93 9
RFS PAM 90 11
none BioHEL 94 8
CFS BioHEL 81 10
CFS GAssist 80 15
CFS SVM 87 12
CFS RF 87 16
CFS PAM 78 17
PLSS BioHEL 93 12
Diffuse large PLSS GAssist 94 6
B-cell lymphoma PLSS SVM 91 13
PLSS RF 87 8
PLSS PAM 86 11
RFS BioHEL 91 11
RFS GAssist 89 13
RFS SVM 91 13
RFS RF 89 13
RFS PAM 86 14
none BioHEL 95 8
CFS BioHEL 84 11
CFS GAssist 87 8
CFS SVM 86 9
CFS RF 86 7
CFS PAM 89 7
PLSS BioHEL 84 7
PLSS GAssist 85 5
Breast cancer PLSS SVM 84 7
PLSS RF 89 5
PLSS PAM 88 7
RFS BioHEL 86 5
RFS GAssist 88 6
RFS SVM 80 17
RFS RF 89 5
RFS PAM 88 7
none BioHEL 88 5
10-fold cross-validation results obtained with BioHEL, SVM, RF and PAM on the
three microarray datasets using three feature selection methods (CFS, PLSS,
RFS); AVG = average accuracy, STDDEV = standard deviation; the highest
accuracies achieved with BioHEL and the best alternative method are both
shown in bold type for each dataset.
doi:10.1371/journal.pone.0039932.t002
Table 2. Cont.
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Prostate Cancer
On the prostate cancer dataset, the best prediction results with
BioHEL were reached without external feature selection, provid-
ing an average accuracy of 94% (10-fold CV), or when combining
BioHEL with the PLSS filter (avg. acc. 94%, LOOCV). Among
the alternative benchmark classifiers considered in this study
(SVM, RF and PAM, see Tables 2 and 3) only the PLS/PAM
combination achieved the same accuracy for 10-fold CV and the
CFS/RF combination reached a slightly higher accuracy for
LOOCV (95%). GAssist reached accuracies of at least 92% in
combination with all feature selection methods, but was outper-
formed by the best BioHEL models.
Similarly, in the cross-validation results reported in the
literature for this dataset only the methods by Shen et al.
(94.6%) [71] and Paul et al. (96.6%) [72] (see Table 4) obtained a
similar or slightly higher average accuracy than BioHEL. For
comparison, Shen et al. employ a singular value decomposition
(SVD) instead of feature selection, which includes more genes from
the original data than the maximum of 30 considered here for all
feature selection methods. This type of model can be more difficult
to interpret than decision rule models without feature transfor-
mation (unless the derived features can be linked to biological
processes). Paul et al. use the original features in their models, but
the average number of included genes also exceeds 30 features
(48.5). Thus, in comparison to state-of-the-art benchmark
classifiers and alternative approaches in the literature, BioHEL
reaches similar levels of accuracy, in spite of the simple nature of
its rule-base models, which facilitates the biological interpretation
for the experimenter.
Diffuse Large B-cell Lymphoma
On the DLBCL dataset, the highest average sample classifica-
tion accuracies of 95% (10-fold CV) and 94% (LOOCV) were
both obtained when using BioHEL without any feature selection.
Moreover, none of the parameter-optimized benchmark methods
reached higher accuracies, only the PLSS/SVM combination
provided the same accuracy as BioHEL. In the results reported in
the literature for this dataset (see Table 5), only the approach by
Wessels et al. [73] reached a slightly higher accuracy (96%) than
the best BioHEL models, but using a feature subset size of 80
genes, almost 3 times more than the maximum number of features
allowed into BioHel’s rules. GAssist provided accuracies in a
similar range of values as the other benchmark methods and
reached its best results (10-fold CV: 94%, LOOCV: 92%) in
combination with the PLSS filter.
A common problem in the classification of high-dimensional
data with small sample sizes is the high variance in cross-validation
error estimates, especially in LOOCV [65,74]. This observation
was also made on the three datasets considered in this study and
applies both to BioHEL and the alternative prediction methods.
Thus, in spite of the high average accuracy reached by some
method combinations, the lack of robustness still hinders the use of
these approaches in routine clinical application.
Table 3. Leave-one-out cross-validation results.
Dataset
Feature
Selection Classification AVG (%) STDDEV
CFS BioHEL 92 27
CFS GAssist 93 25
CFS SVM 89 31
CFS RF 95 22
CFS PAM 90 30
PLSS BioHEL 94 24
PLSS GAssist 92 27
Prostate cancer PLSS SVM 93 25
PLSS RF 93 25
PLSS PAM 93 25
RFS BioHEL 88 32
RFS GAssist 93 25
RFS SVM 89 31
RFS RF 91 29
RFS PAM 91 29
none BioHEL 92 27
CFS BioHEL 84 36
CFS GAssist 87 34
CFS SVM 88 32
CFS RF 87 34
CFS PAM 84 37
PLSS BioHEL 92 26
Diffuse large PLSS GAssist 92 27
B-cell lymphoma PLSS SVM 94 25
PLSS RF 90 31
PLSS PAM 86 35
RFS BioHEL 88 32
RFS GAssist 88 32
RFS SVM 90 31
RFS RF 92 27
RFS PAM 83 38
none BioHEL 94 25
CFS BioHEL 82 38
CFS GAssist 84 36
CFS SVM 84 37
CFS RF 84 36
CFS PAM 90 30
PLSS BioHEL 84 37
PLSS GAssist 84 36
Breast cancer PLSS SVM 81 39
PLSS RF 88 33
PLSS PAM 86 35
RFS BioHEL 82 39
RFS GAssist 85 36
RFS SVM 86 35
RFS RF 87 34
RFS PAM 88 32
none BioHEL 86 35
Leave-one-out cross-validation results obtained with BioHEL, SVM, RF and
PAM on the three microarray datasets using three feature selection methods
(CFS, PLSS, RFS); AVG = average accuracy, STDDEV = standard deviation; the
highest accuracies achieved with BioHEL and the best alternative are both
shown in bold type for each dataset.
doi:10.1371/journal.pone.0039932.t003
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Breast Cancer
For the breast cancer dataset, obtained from the Nottingham
Queen’s Medical Centre, the best average accuracies with
BioHEL were again obtained when using no external feature
selection, providing average accuracies of 88% (10-fold CV) and
86% (LOOCV). These results were similar to those of other
benchmark classifiers, with some methods being slightly superior
and some slightly inferior (the most successful approach was CFS/
PAM with 89% acc. for 10-fold CV and 90% acc. for LOOCV).
Importantly, independent of the feature selection and cross-
validation method, BioHEL always provided average accuracies of
at least 82% on the breast cancer data. GAssist again did not reach
BioHEL’s best performance, but provided robust accuracies of at
least 84% across all feature selection methods.
The lower accuracies achieved by all methods on the breast
cancer data in comparison to the performances of these methods
observed on the other datasets matches to previous observations
showing that the classification of breast cancer microarray samples
tends to be more difficult than the discrimination of gene array
samples for other cancer types [75]. Since the breast cancer
dataset considered here was obtained from a collaborating
institute, no external cross-validation results for alternative
methods are available in the literature, however, the dataset has
been published online (http://www.ebi.ac.uk/microarray-as/ae/
browse.html?keywords = E-TABM-576) and can freely be used for
comparative evaluation and biological analysis purposes.
On the whole, on all three datasets the BioHEL classification
models provided classification accuracies that were among the
highest in comparison to current benchmark classification
methods and other approaches from the literature. The similarity
between the averaged accuracies obtained from 10-fold CV and
LOOCV shows that these performance estimates are stable and do
not vary significantly with the chosen validation scheme (regarding
the variance of the accuracy across the cross-validation cycles, as
expected, lower variances are obtained when using the larger test
set sizes in 10-fold CV). Similarly, the comparison of prediction
and feature selection results across different dataset pre-processings
suggests that BioHEL’s performance is robust across a wide range
of pre-filtering settings (see Material S1 for detailed results and
discussion of the robustness analyses).
In order to objectively compare the classifiers across all datasets
and different feature selection methods, we additionally applied a
Friedman test [76,77] over the average classification accuracies
across all feature selection methods (once for 10-fold CV and once
for LOOCV). According to this statistical test, GAssist and the RF
method performed best for 10-fold CV and obtained the same
average rank (see Table 6) when using feature selection.
Interestingly, BioHEL obtained lower average ranks than these
methods when being combined with external feature selection, but
provided the overall highest accuracies without external attribute
selection. This result suggests that BioHEL exploits the informa-
tion content of features that are considered as insignificant by the
dedicated selection methods and thus avoids a performance
bottleneck resulting from the prior application of an external
selection approach.
For LOOCV, similar results were obtained as with 10-fold CV,
with the exception that RF achieved a better average rank than
GAssist with the second best rank. Again, BioHEL tends to obtain
lower average ranks in combination with external attribute
selection than the other approaches, but achieves the best overall
performance without external selection procedure.
Overall these results show that both systems (GAssist in
combination with feature selection and BioHEL without external
selection) not only generate compact and easy-to-interpret decision
Table 5. Comparison of prediction results from the literature
for the lymphoma dataset.
Author (year) Method AVG (%) Size
Wessels et al. [73] RFLD(10), Monte-Carlo CV 95.7 80
Liu et al. [126] MOEA+WV 93.5 6
Shipp et al. [41] SNR+WV, LOOCV 92.2 30
Goh et al. [127] PCC-SNR + ECF, LOOCV 91 10
Lecocke et al. [125] GA+SVM, LOOCV 90.2 **
GAGA+DLDA, LOOCV 89.8 **
GAGA+3-NN, LOOCV 86.3 **
Hu et al. [128] WWKNN, LOOCV 87.01 12
ECF, LOOCV 85.71 12
our study BioHEL, 10-fold CV 95 *30
BioHEL, LOOCV 94 *30
(*maximum no. of genes per base classifier in ensemble learning model;
**evaluation results averaged over feature subsets using different numbers of
genes).
doi:10.1371/journal.pone.0039932.t005
Table 6. Comparison of prediction methods.
Average ranks
method SVM RF PAM BioHEL GAssist
10-fold 3.8 2.3 3.1 3.4* 2.3
LOO 3.0 2.2 3.1 3.7* 3.0
Results of a Friedman test to compare prediction methods across different
datasets and feature selection methods (the best average ranks are shown in
bold typeface; *here only the results in combination with feature selection are
taken into account).
doi:10.1371/journal.pone.0039932.t006
Table 4. Comparison of prediction results from the literature
for the prostate cancer dataset.
Author (year) Method AVG (%) Size
T.K. Paul et al. [72] RPMBGA, LOOCV 96.6 48.5
Wessels et al. [73] RFLD(0), Monte-Carlo CV 93.4 14
Shen et al. [71] PLR, Monte-Carlo-CV (30
iterations)
94.6 ***
LSR, Monte-Carlo-CV (30
iterations)
94.3 ***
W Chu et al. [124] Gaussian processes, LOOCV 91.2 13
Lecocke et al. [125] SVM, LOOCV 90.1 **
DLDA, LOOCV 89.2 **
GAGA+3NN, LOOCV 88.1 **
our study BioHEL, 10-fold CV 94 *30
PLSS+BioHEL, LOOCV 94 *30
(*maximum no. of genes per base classifier in ensemble learning model;
**evaluation results averaged over feature subsets using different numbers of
genes; ***singular value decomposition used instead of classical feature
selection).
doi:10.1371/journal.pone.0039932.t004
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rules but also achieve the best or close-to-best performance in all
tested scenarios. Thus, BioHEL and GAssist enable experimenters
to benefit from the enhanced interpretability of a rule-based
learning approach without having to sacrifice performance in
comparison to other state-of-the-art approaches.
Across all methods, the overall memory requirements and the
runtimes for applying the trained models were similar and
negligibly small on a standard desktop machine (single applications
of an algorithm required a few minutes or less on a 2 GHz CPU).
The most time-consuming cross-validation experiment (combining
LOOCV with the 100-times BioHEL ensemble and repeating this
10 times for different random seeds) required less than one day.
Comparison of Feature Selection Results
When using feature selection prior to supervised classification,
the average accuracy often varies greatly with the choice of the
selection method, since the predictive performance does not only
depend on the inclusion of informative features, but can also be
affected negatively by the selection of redundant and irrelevant
features. To compare the three selection methods considered in
this study (CFS, RFS, PLSS), the Friedman test was applied to the
average classification accuracies (once for 10-fold CV and once for
LOOCV) across all datasets and all five prediction methods
(BioHEL, GAssist, SVM, RF and PAM).
In summary, according to a Holm-test applied after the
Friedman test, PLSS was significantly superior to CFS both for
10-fold CV (confidence level: 80%) and LOOCV (confidence
level: 90%), and also superior to RF for LOOCV (confidence level:
80%, no other significant differences were detected above this
confidence level). Similarly, PLSS obtained the best average ranks
in the Friedman test for both 10-fold CV and LOOCV (see
Table 7). These observations, showing that a univariate ranking
method outperformed a combinatorial filter and an embedded
selection method, could indicate that the feature independence
assumption behind the univariate approach is reasonably satisfied
for the most informative features, and justify the widespread
popularity of univariate approaches in microarray gene selection.
Relatively high performances of univariate selection strategies had
already been noted in a similar study on microarray data by
Wessels et al. [73], comparing other algorithms. However, an
alternative interpretation of these results might be that feature
dependencies detected by the multivariate selection methods were
false positives, resulting in a weaker predictive performance of
these approaches. Thus, if the independence assumption repre-
sents a good approximation for some of the most informative
features, or if multivariate methods fail to correctly capture the
dependence structure between different variables, a fast univariate
selection approach can be the method of choice for complex, high-
dimensional microarray data.
Literature Mining Analysis of Selected Genes - Results
To illustrate the utility of the analysis pipeline for biological
interpretation of the data and to compare the ensemble of the
external feature selection methods with BioHEL’s capacity to
directly identify informative features during the model generation,
an example literature mining was performed for the top-ranked
genes on each dataset (see Methods section). When considering
only genes chosen by at least two different selection methods
among the genes selected most frequently across the LOOCV
cycles, 11 genes were obtained for the prostate cancer dataset (see
Table 8 left), 10 genes for the lymphoma dataset (Table 9 left) and
18 genes for the breast cancer dataset (Table 10 left). To compare
these selection results against a ranking of genes according to the
frequency of their occurrence in the rule sets generated by the
BioHEL 100-times ensemble across all LOOCV cycles, the same
numbers of genes were selected from the top of these rankings for
each datasets (see Tables 8, 9 and 10, right side, the shared genes
detected as informative by both approaches are highlighted in bold
face).
The two gene rankings (ensemble feature selection and
BioHEL-based feature ranking) were validated externally using
literature mining in the PubMed database by computing the sum
of positive PMI scores (see Methods section) between the
standardized gene names from the rankings and the disease terms
from a controlled vocabulary matching to the three datasets
(‘‘prostatic neoplasms’’, ‘‘breast neoplasms’’ and ‘‘lymphoma, b-
cell’’). The same computation was repeated 100 times on matched-
size gene sets selected randomly from the genes on the
corresponding microarray platforms, and the histograms of these
random model PMI scores, as well as the scores achieved by the
ensemble feature selection (Ensemble FS) and BioHEL-based
feature ranking (BioHEL FR) are shown in Fig. 3, 4 and 5. To
quantify the relative performances of the methods, the p-value
significance score estimates obtained from these PMI scores are
listed in Table 11.
The table and the plots show that both the Ensemble FS and the
BioHEL FR method reached significant p-values ƒ 0.05 on the
prostate and the breast cancer dataset; however, neither of the two
approaches provided a significant p-value on the lymphoma data
(BioHEL FR p-value: 0.22, Ensemble FS p-value: 0.51). The lower
performance of the literature mining analysis on this dataset could
result from the lower number of available samples (77 samples in
relation to 102 for the prostate cancer study and 128 for the breast
cancer study), the high degree of class imbalance (58 diffuse large
b-cell lymphoma samples vs. 19 follicular lymphoma samples),
resulting in only 10 genes that were detected as significant by at
least two feature selection methods, and an overlap of zero
between the top-ranked genes obtained from Ensemble FS and
from BioHEL FR (see Table 9).
Regarding the relative performance of the gene selection
approaches, the text-mining analysis showed that in two out of
the three datasets, the lymphoma and the breast cancer dataset,
BioHEL FR reached lower p-values than Ensemble FS. Accord-
ingly, at least on some datasets, the BioHEL FR approach
provides superior results in terms of the PMI literature mining
scores in comparison to an ensemble of multiple selection
methods, even though BioHEL FR only requires the application
of a single algorithm.
Thus, the permutation-based text-mining analysis can provide
insights both on the reliability of gene selection results across
different datasets (in this case revealing a higher reliability
obtained on the prostate and breast cancer data in comparison
to the lymphoma data) and on the relative performance of the
gene selection methods.
Table 7. Comparison of feature selection methods.
Average ranks
method CFS PLSS RFS
10-fold 2.3 1.8 2.0
LOO 2.3 1.6 2.0
Results of a Friedman test to compare feature selection methods in terms of
classification accuracy across different datasets and prediction methods (the
best average ranks for each row are shown in bold typeface).
doi:10.1371/journal.pone.0039932.t007
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In addition to the automated text mining analysis, the functional
annotations of the top-ranked genes were also investigated by
manual inspection of the literature to identify specific associations
with the disease conditions of interest. Since an in-depth discussion
of the single genes selected by the two different approaches would
exceed the scope of this study, we focus mainly on the genes that
were selected by both the Ensemble FS and the BioHEL FR
approach.
For the prostate cancer dataset, 4 genes were found in the
intersection set of the two selection methods: Hepsin, Neural
epidermal growth factor-like 2 (nel-like 2), alpha-methylacyl-coa racemase
(AMACR) and adipsin. Annotations for these and all other genes on
the list were obtained from the Gene Cards web-service [78], the
DAVID functional annotation database [79] and from the
supplementary material of the microarray dataset. Canvassing of
the biomedical literature reveals that all these genes have either
known significant functional associations with prostate cancer, are
used as diagnostic markers or have previously been proposed as
new candidate markers.
Specifically, hepsin is a cell surface serine protease which has
been found to be significantly over-expressed in prostate cancer
[80–82] in other studies and which has also been proposed as a
prognostic biomarker [83,84]. However, there is no common
agreement on the function of hepsin; while some studies claim that
hepsin promotes prostate cancer progression [85], other studies
suggest that hepsin inhibits cell growth in prostate cancer cells
[86]. Neural epidermal growth factor-like 2 (nel-like 2, NELL2) is a
growth factor homologue that is believed to function as a
differentiation and regulation factor [87]. NELL2 has been
reported to be differentially expressed in benign prostatic
hyperplasia (BPH) [88], suggested as a mesenchymal regulator of
organogenesis and tumorigenesis [89] and used in a patented
diagnostic method for prostate cancer (US Patent App. 11/
519,892). The third candidate gene, Alpha-methylacyl-CoA racemase
(AMACR) codes for an enzyme with functional roles in bile acid
Table 9. List of high scoring genes for the lymphoma dataset.
Ensemble feature selection BioHEL feature ranking
Gene identifier Freq. Annotation Gene identifier Perc. Annotation
X02152_at 3 lactate dehydrogenase a (LDHA) X01060_at 6.6 Transferrin receptor protein 1
V00594_at 2 metallothionein 2a (MT2A) M63835_at 6.0 Immunoglobulin Gamma Fc receptor I
HG1980-HT2023_at 2 tubulin, beta 2c (TUBB2C) HG2090-HT2152_s_at 5.3 CD163 molecule
U63743_at 2 kinesin family member 2c (KIF2C) X02544_at 3.0 orosomucoid 1
X05360_at 2 cell division cycle 2, g1 to s and g2 to m (CDC2) U21931_at 1.9 fructose-1,6-bisphosphatase 1
M63379_at 2 clusterin D80008_at 1.7 GINS complex subunit 1 (Psf1 homolog)
M13792_at 2 adenosine deaminase (ADA) X65965_s_at 1.5 superoxide dismutase 2, mitochondrial
L19686_rna1_at 2 macrophage migration inhibitory factor (MIF) D13413_rna1_s_at 1.3 solute carrier family 36, member 2
D14662_at 2 peroxiredoxin 6 (PRDX6) L25876_at 1.2 cyclin-dependent kinase inhibitor 3
S73591_at 2 thioredoxin interacting protein (TXNIP) D78134_at 1.1 cold inducible RNA binding protein
List of genes that were chosen by at least two different selection methods among the 30 features selected most frequently on the lymphoma dataset. On this dataset,
the genes detected as informative by the Ensembl FS and the BioHEL FR did not overlap (see discussion in the literature mining analysis section).
doi:10.1371/journal.pone.0039932.t009
Table 8. List of high scoring genes for the prostate cancer dataset.
Ensemble feature selection BioHEL feature ranking
Gene identifier Freq. Annotation Gene identifier Perc. Annotation
37639_at 3 hepsin (transmembrane protease, serine 1) 32598_at 7.6 nel-like 2
32598_at 3 nel-like 2 914_g_at 4.0 transcriptional regulator ERG
41706_at 3 alpha-methylacyl-coa racemase (AMACR) 37639_at 3.4 hepsin (transmembrane protease, serine 1)
38634_at 3 retinol binding protein 1, cellular (CRBP1) 40282_s_at 2.0 complement factor d (adipsin)
37366_at 3 pdz and lim domain 5 (PDLIM5) 41817_g_at 1.5 caspase recruitment domain family, member 10
40282_s_at 2 complement factor d (adipsin) 35278_at 1.5 ribosomal protein S29
38087_s_at 2 s100 calcium binding protein a4 (S100A4) 41741_at 1.3 RNA-binding motif protein 3
41468_at 2 T cell receptor gamma (TCR-gamma) 32250_at 1.3 complement factor H
38827_at 2 anterior gradient 2 (AGR2) 32755_at 1.1 actin, alpha 2, smooth muscle, aorta
38406_f_at 2 prostaglandin d2 synthase 21kda (PTGDS) 41706_at 1.0 alpha-methylacyl-coa racemase (AMACR)
34840_at 2 we38g03.x1 homo sapiens cdna, 39 end 37331_g_at 0.9 aldehyde dehydrogenase 4 family, member A1
List of genes that were chosen by at least two different selection methods among the 20 features selected most frequently on the prostate dataset. The 4 genes
detected as informative by both the Ensembl FS and the BioHEL FR approach (hepsin, nel-like 2, AMACR and adipsin) are highlighted in bold face (see discussion in the
literature mining analysis section).
doi:10.1371/journal.pone.0039932.t008
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biosynthesis and b-oxidation of branched-chain fatty acids [90]. It
has been identified to be significantly up-regulated in prostate
cancer based on different independent gene expression data sets
and has also been suggested as a biomarker for prostate cancer
diagnosis in various studies [84,91,92]. Adipsin is a specific gene for
adipocytes [93], cells specialized in storing energy as fat which
have also been suggested to affect the proliferation and differen-
tiation of epithelial cells. Culturing of adipocytes with a prostate
carcinoma cell line [94] has provided strong evidence that
adipocytes modulate the growth and cytokine expression of
prostate cancer cells (based on histological and immunohisto-
chemical assays and RT-PCR measurement of cytokine expres-
sion). Though the precise role of adipsin in cancer remains
unknown, its differential expression in cancer tissue has been
observed in several studies [95–97]. However, these findings might
also result from a general relationship between obesity and cancer,
since obesity is a risk factor for several cancers [98], including
prostate cancer, and adipsin expression is known to be impaired
both in acquired and genetic obesity [99].
On the lymphoma dataset, no overlap was found between
the top-ranked genes from the Ensemble FS and the BioHEL FR
approach. As mentioned before in the section on the automatic
literature mining analysis, a lower robustness of the feature
selection results on this dataset might result from the lower
number of available samples and the higher degree of class
imbalance in relation to the other datasets. However, when
inspecting the annotations for the top 3 genes on both ranking lists,
again strong functional associations with the disease condition
were found.
Lactate dehydrogenase A (LDHA), the only gene that was detected as
significant by all 3 selection methods in the Ensemble FS
approach, is known to have elevated expression levels after tissue
breakdown. For this reason, LDHA is already an established
marker to monitor cancer patients. Moreover, a relationship
Table 10. List of high scoring genes for the breast cancer dataset.
Ensemble feature selection BioHEL feature ranking
Gene identifier Freq. Annotation Gene identifier Perc. Annotation
GI_4503602-S 3 estrogen receptor 1 (ESR1) GI_37545993-S 0.7 Serpin A11 precursor
GI_14249703-S 3 RAS-like, estrogen-regulated, growth-inhibitor
(RERG)
GI_14249703-S 0.6 RAS-like, estrogen-regulated,
growth-inhibitor (RERG)
GI_16507967-S 3 potassium channel, subfamily K, member 15 (KCNK15)
GI_22779933-S 2 WD repeat membrane protein PWDMP (PWDMP) GI_23308560-S 0.6 RNA-binding protein 24
GI_42657473-S 2 Uncharacterized protein (C6orf115) GI_22779933-S 0.6 WD repeat membrane protein
PWDMP (PWDMP)
GI_7706686-S 2 Enah/Vasp-like (EVL) GI_16507967-S 0.5 potassium channel, subfamily K,
member 15 (KCNK15)
GI_40788002-S 2 proteasome (prosome, macropain) GI_22748948-S 0.4 IGF1R protein
activator subunit 4 (PSME4)
GI_33620752-S 2 hypothetical protein FLJ10876 (FLJ10876) GI_4507266-S 0.4 Stanniocalcin-2 precursor (STC-2)
GI_13236596-S 2 DDB1 and CUL4 associated factor 10 (WDR32) GI_29029609-A 0.4 pyrimidinergic receptor P2Y6,
G-protein coupled
GI_29029609-A 2 pyrimidinergic receptor P2Y6, G-protein coupled GI_4502798-S 0.4 Chondroadherin precursor
GI_37551139-S 2 hypothetical protein PRO2013 (PRO2013) Hs.501130-S 0.4 GDNF family receptor alpha 1
isoform b
GI_40255152-S 2 potassium channel tetramerisation GI_13236596-S 0.4 DDB1 and CUL4 associated factor
10 (WDR32)
domain containing 6 (KCTD6) GI_4503602-S 0.3 estrogen receptor 1 (ESR1)
GI_30410031-S 2 prostate-specific membrane antigen-like GI_42659577-S 0.3 uncharacterized protein KIAA1377
protein (PSMAL/GCP III)
GI_4503928-S 2 GATA binding protein 3 (GATA3), mRNA GI_29738585-S 0.3 GDNF family receptor alpha 1
(GFRA1, LOC143381)
transcript variant 1
GI_42659459-S 2 hypothetical gene supported by AK128810 (LOC399717) GI_21389370-S 0.3 ankyrin repeat domain 22
GI_29738585-S 2 GDNF family receptor alpha 1 (GFRA1, LOC143381) Hs.202515-S 0.3 calcium channel, voltage-
dependent, L type (CACNA1D)
transcript variant 1
GI_38455428-S 2 breast cancer membrane protein 11 (BCMP11),
mRNA
GI_18152766-S 0.3 synaptotagmin-like 4
(granuphilin-a) (SYTL4)
GI_22035691-A 2 GDNF family receptor alpha 1 (GFRA1) Hs.499414-S 0.3 Cluster 499414 (chr 10), unknown
function
transcript variant 2
List of genes that were chosen by at least two different selection methods among the 30 features selected most frequently on the breast cancer dataset. The 7 genes
detected as informative by both the Ensembl FS and the BioHEL FR approach are highlighted in bold face (see discussion in the literature mining analysis section).
doi:10.1371/journal.pone.0039932.t010
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between LDHA levels and the histological type and the tumor
mass of non-Hodgkin’s lymphomas has been investigated in the
literature [100]. Metallothionein 2a (MT2A), a gene that was selected
by 2 different methods in the Ensemble FS approach, codes for a
protein of the metallothionin family, which is involved in many
pathophysiological processes including protection against oxida-
tive damage, cell proliferation, drug and chemotherapy resistance
and cancer development [101]. Moreover, it has been shown that
malignant lymphoblasts of diffuse large B-cell lymphoma have
high metallothionein expression [102]. Similarly, tubulins like
TUBB2C are known to have higher expression levels in
proliferating cancer cells due to the microtubule formation in
these cells. These proteins are therefore often considered as targets
for anticancer drugs to inhibit the growth of cancer cells and there
expression levels have also been reported to be down-regulated in
treatments that induce apoptosis in lymphoma cells [103].
Transferrin receptor protein (TfR) 1, the top-ranked gene according
to the BioHEL FR approach, is required for the import of iron
into a cell by means of a receptor-mediated endocytic transport of
a transferrin-iron complex, but is also involved in the regulation of
cell growth. Elevated levels of TfR have been found in several
malignancies, and the membrane protein has been studied as a
promising target for the treatment of cancer using antibodies
[104]. Moreover, the expression of TfRs has previously been
reported to be correlated with survival and histological grading of
non-Hodgkin’s malignant lymphoma patients [105–107]. Immuno-
globulin gamma Fc receptor I (FCGR1A) is a receptor protein for
immunoglobulin antibodies, which are produced by the innate
immune system in response to viral and bacterial infections or
cancer cells. The gene is known to be expressed as part of the
immune response signature of follicular lymphoma [108] and
known to be part of a cluster of over-expressed immune system
related genes in B-cell lymphoma samples which are rich in T-cells
and histiocytes (immune cells capable of digesting foreign
substances) [109]. Interestingly, an approved drug against non-
Hodgkin lymphoma, Tositumomab, is known to bind to FGR1A,
although the intended target is the B-lymphocyte antigen CD20.
The hemoglobin scavenger receptor (Cluster of Differentiation 163,
CD163) protein, encoded by the gene ranked third by BioHEL
FR, is a receptor involved in clearance and endocytosis of
hemoglobin/haptoglobin complexes by macrophages. CD163 has
been proposed as a marker for tumour-infiltrating macrophages in
Hodgkin’s lymphoma, where high CD163 expression has been
observed to correlate with adverse outcome [110]. Moreover, it
has been suggested that CD163 might have an anti-inflammatory
role [111] and could have diagnostic value for monitoring
macrophage activation in inflammatory conditions, which are
considered to play a critical role in the tumour progression of
many cancers [112].
Figure 3. Comparison of text mining scores. Histogram of text mining scores for randomly chosen gene identifier subsets compared to scores
achieved by BioHEL and the ensemble feature selection (FS) approach (prostate cancer dataset).
doi:10.1371/journal.pone.0039932.g003
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For the breast cancer data, 7 genes were detected as
informative by both the Ensemble FS and the BioHEL FR
approach. We have recently evaluated one of these genes, RAS-like,
estrogen-regulated, growth-inhibitor (RERG), experimentally in a
collaborative study with the Queen’s Medical Centre in Notting-
ham by immunohistochemistry using tissue microarrays across
1140 invasive breast cancer samples [6]. The study confirmed that
the expression of RERG provides a sensitive marker for the
discrimination between the clinically relevant categories of luminal
and non-luminal breast cancer samples (see the approach by
Nielsen et al. for breast cancer subtype categorisation [113]).
Moreover, several significant correlations with already existing
markers of luminal differentiation were identified, including
positive correlations with the expression of the estrogen receptor,
luminal cytokeratins (CK19, CK18 and CK7/8), FOXA1 (p-
value = 0.004), androgen receptor, nuclear BRCA1, FHIT and cell
cycle inhibitors p27 and p21, and inverse associations with the
proliferation marker MIB1 (p-value = 0.005) and p53. More
importantly, strong RERG expression showed an association with
a longer breast cancer specific survival and distant metastasis free
interval in the whole patient cohort and these associations were
independent of other prognostic variables. These results match to
the high rankings this gene received by the computational gene
selection methods considered here. In the BioHEL FR approach,
RERG was ranked second, in the Ensemble FS approach it
belonged to the 3 only genes that were chosen as informative by all
three input selection methods (see Table 10).
A further gene with high ranks in both selection approaches is
estrogen receptor 1 (ESR1), a well-known breast cancer marker gene,
which encodes the estrogen receptor alpha (ER-a). In luminal
breast cancer samples, ER-a is known to be expressed in the
tumour cells (ER+ type), whereas it is not expressed in basal-like
samples (ER- type). The oestrogen hormone is well-known to
cause the growth of ER+ breast cancer cells, and some hormone
therapies are based on using anti-oestrogens as drugs against
corresponding forms of breast cancer.
A third top-ranked gene, potassium channel, subfamily K, member 15
(KCNK15, TASK-5), is a less obvious candidate gene and currently
unknown in oncogenesis. However, KCNK15 has been found to
be silenced by hypermethylation of the promotor region in many
tumours [114]. The gene encodes a two-pore potassium channel
protein, which corresponds to findings for other ion channels, like
the Ca2+ channel CACNA1G and the Na+ channel SLC5A8 with
putative tumour suppressive function, which have already been
reported to be hypermethylated in different cancers [115,116].
Thus this gene/protein might be a promising target for future
investigations.
Another membrane protein selected by both approaches is the
WD repeat membrane protein (PWDMP, WDR19). WD-repeat proteins
form a family of structurally related proteins that participate in
Figure 4. Comparison of text mining scores. Histogram of text mining scores for randomly chosen gene identifier subsets compared to scores
achieved by BioHEL and the ensemble feature selection (FS) approach (lymphoma cancer dataset).
doi:10.1371/journal.pone.0039932.g004
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several cellular functions, including vesicle formation, vesicular
trafficking, transmembrane signaling and mRNA modification
[117]. In a previous breast cancer study, WDR19 has been
identified to be differentially expressed between carcinoma cells
with similar morphology to healthy cells and cells with deviating,
irregular morphology [118]. However, so far, WDR19 has only
been implicated in other cancer types, in particular prostate cancer
[119]. Interestingly, a further WD repeat-containing protein was
selected by both approaches, WDR32 (WD repeat-containing protein
32), also known as DDB1 and CUL4 associated factor 10. WDR32 has
been found to be differentially expressed in breast cancer cells in
several studies, as reported in the Genes-to-Systems Breast Cancer
(G2SBC) database [120].
The 6th gene in the intersection set of the ranking lists is G-
protein coupled pyrimidinergic receptor P2Y6, belonging to the group of
P2Y receptors that respond to purine and pyrimidine nucleotides.
P2Y6 expression has been shown to be deregulated in cases of
altered progestin responsiveness due to changes in the expression
of progesterone receptor isoforms, which are known to occur in
breast cancer cells [121]. Moreover, in 2003 a patent application
has been filed for a method to detect pre-neoplastic and neoplastic
states based on P2Y expression levels (US Patent App. 10/
450,205).
Finally, the gene that occurs most frequently in different
transcript variants as top-ranked in both selection methods is
GDNF family receptor alpha 1 (GFRA1), which occurs in the transcript
variants 1 and 2 and the isoform b version. The Glial cell line-
derived neurotrophic factor (GDNF) which binds to the receptor
GFRA1 is known to play an important role in differentiation and
the control of neuron survival. It has also been suggested to
function as a component of the inflammatory response in breast
cancers, and an experimental study using a breast cancer tissue
microarray has shown that GFRA1 transcripts are over-expressed
in invasive breast carcinomas, and in particular in hormone
receptor–positive (ER+ and PR+) tumors [122].
In summary, all genes appearing in both lists of top-ranked
genes from different selection approaches have either putative or
known functional associations with the corresponding cancer type.
Figure 5. Comparison of text mining scores. Histogram of text mining scores for randomly chosen gene identifier subsets, compared to scores
achieved by BioHEL and the ensemble feature selection (FS) approach (breast cancer dataset).
doi:10.1371/journal.pone.0039932.g005
Table 11. Literature mining significance scores.
Dataset Ensemble FS (p-value) BioHEL FR (p-value)
Prostate 0.00 0.05
Lymphoma 0.51 0.22
Breast 0.02 0.03
doi:10.1371/journal.pone.0039932.t011
Rule-Based Candidate Disease Gene Prioritization
PLoS ONE | www.plosone.org 14 July 2012 | Volume 7 | Issue 7 | e39932
Although this does not imply that all high-scoring genes and their
corresponding products are suitable markers for the diagnosis or
monitoring of cancer diseases, both the automated literature
mining analysis and the manual inspection of the functional
annotations of the top-ranked genes confirm the utility of these
selection methods for identifying and prioritizing putative markers,
and for the biological interpretation of the data.
While classical gene prioritization methods are based on a single
feature selection method and a single confidence measure [123], the
approaches employed here use either information from multiple
selection methods or multiple prediction models given by ensembles
of BioHEL rule sets. Moreover, the robustness of the selection across
multiple cross-validation cycles is taken into account.
Finally, since the lists of high-scoring candidate genes which
were detected by multiple feature selection methods are confined
to relatively small sets of attributes, it is feasible to apply more
sensitive experimental approaches to study single genes and
proteins, e.g. using a quantitative polymerase chain reaction
(qPCR) or immunohistochemistry on tissue microarrays, as
illustrated by the successful validation of RERG gene expression
as a marker for luminal-like breast cancer samples.
Conclusion
In this paper, we have evaluated the rule-based, evolutionary
machine learning systems BioHEL and GAssist for supervised
microarray sample classification. Empirical results on three public
microarray datasets using three feature selection methods and two
external cross-validation schemes show that both methods reach
comparable accuracies to current state-of-the-art prediction
methods for gene array data, and achieve the best or close-to-
best performance depending on the setting: BioHEL achieves the
highest overall accuracies when being applied without external
feature selection, whereas GAssist tends to outperform other
methods when being applied in combination with feature
selection. These results are corroborated by comparisons across
multiple types of feature selection methods, as well as by
comparisons to other methods in the literature.
As an added value, in contrast to other state-of-the-art
benchmark methods, the prediction models generated by BioHEL
and GAssist are based on easily interpretable if-then-else-rules.
These benefits in terms of model interpretability are for example
highlighted by the compact rule set obtained for the prostate
cancer dataset shown in Fig. 2. Apart from indicating the
relevance of six used genes as putative biomarkers, the first two
conjunctive rules also point to potential associations between their
included genes. Corresponding genes which are frequently
selected as informative features in rule sets across different cross-
validation cycles and different ensemble base classifiers provide
robust and informative predictors with regard to the outcome
attribute. In this context, using a high number of base models
combined to an ensemble can even be beneficial for data
interpretation due to the variance-reducing effects of ensemble
learning [62] which result in more robust statistics on the
importance of single features in the predicates of the decision
rules. This concept matches well with the results of both the
automated text-mining analysis and the manual inspection of the
literature, showing that in gene rankings obtained from BioHEL
the top-ranked genes have all known or putative functional
associations to the studied cancer diseases.
As a by-product of our experiments, we also compared the
performance of different types of attribute selection methods: A
univariate selection approach (PLSS [46]), a combinatorial filter
(CFS [36]) and an embedded approach (RFS [38]). The
combination of the predictors with the fast univariate PLSS
approach provided unexpectedly high accuracies in comparison to
the more complex CFS and RFS methods, however, PLSS lacks
the adaptivity of the CFS approach, which is capable of
automatically estimating the optimal number of selected features.
Overall, the classification results obtained for different feature
selection methods across all prediction methods and all the original
datasets (and also the different pre-processing variants presented in
the Material S1) suggest that the user should not rely on a single
selection approach as a general method of choice. Instead, we
recommend to use both the CFS approach, as the most adaptive
multivariate approach, and the univariate PLSS approach, as the
most successful approach for settings in which all or most of the
selected features are univariately significant. Given the cross-
validation results for both of these selection methods on the
available labelled training data, the user can then choose the
approach that provides the best performance in this validation.
Moreover, applying both the CFS and PLSS method and
comparing the results has the added benefit of enabling a
distinction between features selected as univariately or multi-
variately significant.
Possible future extensions for the machine learning systems
BioHEL and GAssist include integrating prior clinical or biological
knowledge into the analysis and directly combining the system
with automated literature mining tools to better exploit the
information content of the generated models. On the whole, the
performance reached in comparison to other benchmark predic-
tors and the benefits in terms of interpretability and robust ranking
of genes show that rule-based evolutionary machine learning
algorithms can be profitably applied for the supervised analysis of
microarray data.
Supporting Information
Material S1 Supplementary information on datasets
and robustness statistics. The Supplementary Material
contains details on the source and normalization for each
microarray dataset used in this study, cross-validation results for
different dataset pre-processing methods and a robustness analysis
for the feature selection methods.
(PDF)
Acknowledgments
We thank the anonymous reviewers whose comments helped to improve
the manuscript. Part of this manuscript was written while N. Krasnogor
was recipient of a Morris Belkin Visiting Professorship at the Weizmann
Institute of Science, Israel.
Author Contributions
Conceived and designed the experiments: EG JB NK. Performed the
experiments: EG. Analyzed the data: EG JB JMG NK. Wrote the paper:
EG. Conceived main algorithms (GAssist, BioHEL): JB NK Revised
manuscript critically for important intellectual content: EG JB JMG NK
Funding: JMG NK Final approval of the version to be published: EG JB
JMG NK.
References
1. Shabalin AA, Tjelmeland H, Fan C, Perou CM, Nobel AB (2008) Merging two
gene-expression studies via cross-platform normalization. Bioinformatics 24:
1154–1160.
2. Warnat P, Eils R, Brors B (2005) Cross-platform analysis of cancer microarray
data improves gene expression based classification of phenotypes. BMC
Bioinformatics 6: 265.
Rule-Based Candidate Disease Gene Prioritization
PLoS ONE | www.plosone.org 15 July 2012 | Volume 7 | Issue 7 | e39932
3. Sun Y, Goodison S, Li J, Liu L, Farmerie W (2007) Improved breast cancer
prognosis through the combination of clinical and genetic markers. Bioinfor-
matics 23: 30–37.
4. Boulesteix AL, Porzelius C, Daumer M (2008) Microarray-based classification
and clinical predictors: on combined classifiers and additional predictive value.
Bioinformatics 24: 1698–1706.
5. Glaab E, Garibaldi J, Krasnogor N (2009) ArrayMining: a modular web-
application for microarray analysis combining ensemble and consensus
methods with cross-study normalization. BMC Bioinformatics 10: 358.
6. Habashy HO, Powe DG, Glaab E, Krasnogor N, Garibaldi JM, et al. (2011)
RERG (Ras-related and oestrogen-regulated growth-inhibitor) expression in
breast cancer: A marker of ER-positive luminal-like subtype. Breast Cancer
Research and Treatment 128: 315–326.
7. Habashy HO, Powe DG, Ball G, Glaab E, Soria D, et al. (2010) Luminal-like
oestrogen receptorpositive breast cancer: identification of prognostic biological
subclasses. European Journal of Cancer Suppl 8: 91.
8. Glaab E, Garibaldi J, Krasnogor N (2010) Learning pathway-based decision
rules to classify microarray cancer samples. In: Schomburg D, Grote A, editors,
German Conference on Bioinformatics 2010. Gesellschaft fuer Informatik,
volume 173 of Lecture Notes in Informatics, pp 123–134.
9. Glaab E, Baudot A, Krasnogor N, Valencia A (2010) Extending pathways and
processes using molecular interaction networks to analyse cancer genome data.
BMC Bioinformatics 11: 597.
10. Bassel GW, Lan H, Glaab E, Gibbs DJ, Gerjets T, et al. (2011) A genome-wide
network model capturing seed germination reveals co-ordinated regulation of
plant cellular phase transitions. Proc Natl Acad Sci USA 108: 9709–9714.
11. Glaab E, Baudot A, Krasnogor N, Valencia A (2010) TopoGSA: network
topological gene set analysis. Bioinformatics 26: 1271–1272.
12. Stout M, Bacardit J, Hirst J, Krasnogor N (2008) Prediction of Recursive
Convex Hull Class Assignments for Protein Residues. Bioinformatics 24: 916–
923.
13. Bacardit J, Krasnogor N (2008) Fast rule representation for continuous
attributes in geneticsbased machine learning. In: GECCO ’08: Proceedings of
the 10th Annual Conference on Genetic and Evolutionary Computation.
ACM, 1421–1422.
14. Bacardit J, Stout M, Hirst JD, Valencia A, Smith RE, et al. (2009) Automated
alphabet reduction for protein datasets. BMC Bioinformatics 10: 6.
15. Bacardit J, Burke E, Krasnogor N (2009) Improving the scalability of rule-
based evolutionary learning. Memetic Computing 1: 55–67.
16. Bacardit J (2004) Pittsburgh Genetics-Based Machine Learning in the Data
Mining era: Representations, generalization, and run-time. Doctoral disserta-
tion, Ramon Llull University, Barcelona, Catalonia, Spain.
17. Bacardit J, Butz M (2007) Data mining in learning classifier systems:
Comparing XCS with GAssist. In: Kovacs T, Llor X, Takadama K, Lanzi
P, Stolzmann W, et al., editors, Learning Classifier Systems, Springer Berlin/
Heidelberg, volume 4399 of Lecture Notes in Computer Science. 282–290.
18. Bacardit J, Krasnogor N (2008) Empirical Evaluation of Ensemble Techniques
for a Pittsburgh Learning Classifier System. In: Bacardit J, Bernad-Mansilla E,
Butz M, Kovacs T, Llor X, et al., editors, Learning Classifier Systems, Springer
Berlin/Heidelberg, volume 4998 of Lecture Notes in Computer Science. pp
255–268.
19. Bacardit J, Garrell J (2007) Bloat Control and Generalization Pressure Using
the Minimum Description Length Principle for a Pittsburgh Approach
Learning Classifier System. In: Kovacs T, Llor X, Takadama K, Lanzi P,
Stolzmann W, et al., editors, Learning Classifier Systems, Springer Berlin/
Heidelberg, volume 4399 of Lecture Notes in Computer Science. pp 59–79.
20. Stout M, Bacardit J, Hirst JD, Smith RE, Krasnogor N (2009) Prediction of
topological contacts in proteins using learning classifier systems. Soft
Computing 13: 245–258.
21. Jirapech-Umpai T, Aitken S (2005) Feature selection and classification for
microarray data analysis: Evolutionary methods for identifying predictive
genes. BMC Bioinformatics 6: 148–159.
22. Blanco R, Larran˜aga P, Inza I, Sierra B (2004) Gene selection for cancer
classification using wrapper approaches. Intern J Pattern Recognit Artif Intell
18: 1373–1390.
23. Deutsch JM (2003) Evolutionary algorithms for finding optimal gene sets in
microarray prediction. Bioinformatics 19: 45–52.
24. Divina F, Aguilar-Ruiz J (2007) A multi-objective approach to discover
biclusters in microarray data. In: Proceedings of the 9th annual conference on
Genetic and evolutionary computation (GECCO 2007). ACM Press, 385–392.
25. Ma P, Chan K, Yao X, Chiu D (2006) An evolutionary clustering algorithm for
gene expression microarray data analysis. IEEE T Evolut Comput 10: 296–
314.
26. Sheng W, Liu X (2006) A genetic k-medoids clustering algorithm. Journal of
Heuristics 12: 447–466.
27. Moore J, Parker J, Olsen N, Aune T (2002) Symbolic discriminant analysis of
microarray data in autoimmune disease. Genet Epidemiol 23: 57–69.
28. Li L, Pedersen L, Darden T, Weinberg C (2002) Computational Analysis of
Leukemia Microarray Expression Data Using the GA/KNN Method. In:
Methods of Microarray Data Analysis. Kluwer Academic Publishers, 81–95.
29. Gilbert R, Rowland J, Kell D (2000) Genomic computing: explanatory
modelling for functional genomics. In: Proceedings of the Genetic and
Evolutionary Computation Conference (GECCO 2000). Morgan Kaufmann,
551–557.
30. Popovici V, Budinska´ E, Delorenzi M (2011) Rgtsp: a generalized top scoring
pairs package for class prediction. Bioinformatics 27: 1729–1730.
31. Alexe G, Alexe S, Axelrod D, Bonates T, Lozina I, et al. (2006) Breast cancer
prognosis by combinatorial analysis of gene expression data. Breast Cancer Res
8: R41.
32. Diaz-Uriarte R, Alvarez de Andres S (2006) Gene selection and classification of
microarray data using random forest. BMC Bioinformatics 7: 1471–2105.
33. Tan A, Naiman D, Xu L, Winslow R, Geman D (2005) Simple decision rules
for classifying human cancers from gene expression profiles. Bioinformatics 21:
3896–3904.
34. Bassel G, Glaab E, Marquez J, Holdsworth M, Bacardit J (2011) Functional
network construction in arabidopsis using rule-based machine learning on
large-scale data sets. The Plant Cell Online 23: 3101–3116.
35. Wood I, Visscher P, Mengersen K (2007) Classification based upon gene
expression data: bias and precision of error rates. Bioinformatics 23: 1363–
1370.
36. Hall MA (2000) Correlation-based Feature Selection for Discrete and Numeric
Class Machine Learning. In: Proc. 17th International Conf. on Machine
Learning. Morgan Kaufmann, San Francisco, CA, 359–366.
37. Vapnik V, Chervonenkis A (1974) Theory of Pattern Recognition. Nauka,
Moscow.
38. Breiman L (2001) Random forests. Machine Learning 45: 5–32.
39. Tibshirani R, Hastie T, Narasimhan B, Chu G (2002) Diagnosis of multiple
cancer types by shrunken centroids of gene expression. Proc Natl Acad Sci
USA 99: 6567–6572.
40. Singh D, Febbo P, Ross K, Jackson D, Manola J, et al. (2002) Gene expression
correlates of clinical prostate cancer behavior. Cancer Cell 1: 203–209.
41. Shipp M, Ross K, Tamayo P, Weng A, Kutok J, et al. (2002) Diffuse large B-
cell lymphoma outcome prediction by gene-expression profiling and supervised
machine learning. Nat med 8: 68–74.
42. Chin S, Teschendorff A, Marioni J, Wang Y, Barbosa-Morais N, et al. (2007)
High-resolution aCGH and expression profiling identifies a novel genomic
subtype of ER negative breast cancer. Genome Biol 8: R215.
43. Naderi A, Teschendorff A, Barbosa-Morais N, Pinder S, Green A, et al. (2006)
A gene-expression signature to predict survival in breast cancer across
independent data sets. Oncogene 26: 1507–1516.
44. Zhang H, Rakha E, Ball G, Spiteri I, Aleskandarany M, et al. (2010) The
proteins FABP7 and OATP2 are associated with the basal phenotype and
patient outcome in human breast cancer. Breast Cancer Res Treat 121: 41–51.
45. Hastie T, Tibshirani R (1990) Generalized Additive Models. Chapman &
Hall/CRC.
46. Boulesteix A, Strimmer K (2007) Partial least squares: a versatile tool for the
analysis of highdimensional genomic data. Brief Bioinform 8: 32–44.
47. Kursa MB, Rudnicki WR (2010) Feature selection with the boruta package.
Journal of Statistical Software 36: 1–13.
48. Saeys Y, Inza I, Larran˜aga P (2007) A review of feature selection techniques in
bioinformatics. Bioinformatics 23: 2507–2517.
49. Zhang C, Lu X, Zhang X (2006) Significance of gene ranking for classification
of microarray samples. IEEE/ACM Trans Comput Biol Bioinform 3: 312–320.
50. Li W, Yang Y (2001) How many genes are needed for a discriminant
microarray data analysis? In: Methods of Microarray Data Analysis. Kluwer
Netherlands, 137–150.
51. Wolfinger R, Gibson G, Wolfinger E, Bennett L, Hamadeh H, et al. (2001)
Assessing Gene Significance from cDNA Microarray Expression Data via
Mixed Models. J Comput Biol 8: 625–637.
52. Wold H (1975) Soft modeling by latent variables: the nonlinear iterative partial
least squares approach. In: Perspectives in Probability and Statistics, Papers in
Honour of M.S. Bartlett. Academic Press, London, 117–142.
53. Boulesteix A (2004) PLS Dimension Reduction for Classification with
Microarray Data. Stat Appl Genet Mol Biol 3: 33.
54. de Jong S (1993) SIMPLS: An alternative approach to partial least squares
regression. Chemom Intell Lab Syst 18: 251–263.
55. Gini C (1921) Measurement of Inequality of Incomes. The Economic Journal
31: 124–126.
56. Calle M, Urrea V (2011) Letter to the editor: Stability of random forest
importance measures. Brief Bioinform 12: 86–89.
57. Nicodemus K (2011) Letter to the editor: On the stability and ranking of
predictors from random forest variable importance measures. Brief Bioinform
12: 369–373.
58. Li S, Harner E, Adjeroh D (2011) Random knn feature selection-a fast and
stable alternative to random forests. BMC Bioinformatics 12: 450.
59. Venturini G (1993) SIA: A supervised inductive algorithm with genetic search
for learning attributes based concepts. In: Proceedings of the European
Conference on Machine Learning. London, UK: Springer-Verlag, 280–296.
Available: http://portal.acm.org/citation.cfm?id = 645323.649578.
60. Aguilar-Ruiz J, Riquelme J, Toro M (2003) Evolutionary learning of
hierarchical decision rules. IEEE Transactions on Systems, Man and
Cybernetics, Part B 33: 324–331.
61. Rivest R (1987) Learning decision lists. Machine Learning 2: 229–246.
62. Dietterich T (2000) Ensemble Methods in Machine Learning. Lect Notes
Comput Sci 1857: 1–15.
63. Rissanen J (1983) A Universal Prior for Integers and Estimation by Minimum
Description Length. Annals of Statistics 11: 416–431.
Rule-Based Candidate Disease Gene Prioritization
PLoS ONE | www.plosone.org 16 July 2012 | Volume 7 | Issue 7 | e39932
64. Holland J, Booker L, Colombetti M, Dorigo M, Goldberg D, et al. (2000) What
is a learning classifier system? In: Lanzi P, Stolzmann W, Wilson S, editors,
Learning Classifier Systems, Springer Berlin/Heidelberg, volume 1813 of
Lecture Notes in Computer Science. 3–32.
65. Ambroise C, McLachlan G (2002) Selection bias in gene extraction on the basis
of microarray gene-expression data. Proc Natl Acad Sci USA 99: 6562–6566.
66. Guyon I, Weston J, Barnhill S, Vapnik V (2002) Gene Selection for Cancer
Classification using Support Vector Machines. Machine Learning 46: 389–422.
67. Furey T, Cristianini N, Duffy N, Bednarski D, Schummer M, et al. (2000)
Support vector machine classification and validation of cancer tissue samples
using microarray expression data. Bioinformatics 16: 906–914.
68. Glaab E, Garibaldi J, Krasnogor N (2010) vrmlgen: An R package for 3d data
visualization on the web. Journal of Statistical Software 36: 1–18.
69. Fano R, Hawkins D (1961) Transmission of information: A statistical theory of
communications. American Journal of Physics 29: 793.
70. Tsuruoka Y, Tsujii J, Ananiadou S (2008) FACTA: a text search engine for
finding associated biomedical concepts. Bioinformatics 24: 2559.
71. Shen L, Tan E (2005) Dimension Reduction-Based Penalized Logistic
Regression for Cancer Classification Using Microarray Data. IEEE/ACM
Transactions on Computational Biology and Bioinformatics (TCBB) 2: 166–
175.
72. Paul T, Iba H (2005) Extraction of informative genes from microarray data. In:
Proceedings of the 7th Annual Conference on Genetic and Evolutionary
Computation (GECCO 2005). ACM Press, pp 453–460.
73. Wessels L, Reinders M, Hart A, Veenman C, Dai H, et al. (2005) A protocol
for building and evaluating predictors of disease state based on microarray
data. Bioinformatics 21: 3755–3762.
74. Braga-Neto U, Dougherty E (2004) Is cross-validation valid for small-sample
microarray classification? Bioinformatics 20: 374–380.
75. Zervakis M, Blazadonakis M, Tsiliki G, Danilatou V, Tsiknakis M, et al. (2009)
Outcome prediction based on microarray analysis: a critical perspective on
methods. BMC bioinformatics 10: 53.
76. Conover WJ (1971) Practical Nonparametric Statistics. John Wiley, New York.
77. Demsˇar J (2006) Statistical Comparisons of Classifiers over Multiple Data Sets.
The Journal of Machine Learning Research 7: 1–30.
78. Rebhan M, Chalifa-Caspi V, Prilusky J, Lancet D (1998) GeneCards: a novel
functional genomics compendium with automated data mining and query
reformulation support. Bioinformatics 14: 656–664.
79. Dennis Jr G, Sherman B, Hosack D, Yang J, Gao W, et al. (2003) DAVID:
Database for Annotation, Visualization, and Integrated Discovery. Genome
Biol 4: R60.
80. Magee J, Araki T, Patil S, Ehrig T, True L, et al. (2001) Expression Profiling
Reveals Hepsin Overexpression in Prostate Cancer. Cancer Res 61: 5692–
5696.
81. Luo J, Duggan D, Chen Y, Sauvageot J, Ewing C, et al. (2001) Human Prostate
Cancer and Benign Prostatic Hyperplasia Molecular Dissection by Gene
Expression Profiling. Cancer Res 61: 4683–4688.
82. Chen Z, Fan Z, McNeal J, Nolley R, Caldwell M, et al. (2003) Hepsin and
maspin are inversely expressed in laser capture microdissectioned prostate
cancer. J Urol 169: 1316–9.
83. Stephan C, Yousef G, Scorilas A, Jung K, Jung M, et al. (2004) Hepsin is highly
over expressed in and a new candidate for a prognostic indicator in prostate
cancer. J Urol 171: 187–91.
84. Dhanasekaran S, Barrette T, Ghosh D, Shah R, Varambally S, et al. (2001)
Delineation of prognostic biomarkers in prostate cancer. Nature 412: 822–826.
85. Klezovitch O, Chevillet J, Mirosevich J, Roberts R, Matusik R, et al. (2004)
Hepsin promotes prostate cancer progression and metastasis. Cancer Cell 6:
185–195.
86. Srikantan V, Valladares M, Rhim J, Moul J, Srivastava S (2002) Hepsin
Inhibits Cell Growth/Invasion in Prostate Cancer Cells. Cancer Res 62: 6812–
6816.
87. Ha C, Choi J, Choi E, Costa M, Lee B, et al. (2008) NELL2, a Neuron-Specific
EGF-Like Protein, Is Selectively Expressed in Glutamatergic Neurons and
Contributes to the Glutamatergic Control of GnRH Neurons at Puberty.
Neuroendocrinology 88: 199–211.
88. DiLella A, Toner T, Austin C, Connolly B (2001) Identification of Genes
Differentially Expressed in Benign Prostatic Hyperplasia. J Histochem
Cytochem 49: 669.
89. Vanpoucke G, Orr B, Grace O, Chan R, Ashley G, et al. (2007)
Transcriptional profiling of inductive mesenchyme to identify molecules
involved in prostate development and disease. Genome Biol 8: R213.
90. Ferdinandusse S, Denis S, IJlst L, Dacremont G,Waterham H, et al. (2000)
Subcellular localization and physiological role of a-methylacyl-CoA racemase.
The Journal of Lipid Research 41: 1890–1896.
91. Luo J, Zha S, Gage W, Dunn T, Hicks J, et al. (2002) Alpha-methylacyl-CoA
racemase: a new molecular marker for prostate cancer. Cancer Res 62: 2220–
2226.
92. Kuefer R, Varambally S, Zhou M, Lucas P, Loeffler M, et al. (2002) a-
Methylacyl-CoA Racemase: Expression Levels of this Novel Cancer Biomarker
Depend on Tumor Differentiation. American Journal of Pathology 161: 841–
848.
93. Dani C (1997) Differentiation of embryonic stem cells into adipocytes in vitro.
J Cell Sci 110: 1279–1285.
94. Tokuda Y, Satoh Y, Fujiyama C, Toda S, Sugihara H, et al. (2003) Prostate
cancer cell growth is modulated by adipocyte-cancer cell interaction. BJU Int
91: 716–720.
95. Lee J, Eom E, Kim D, Ha-Lee Y, Lee D (2003) Analysis of gene expression
profiles of gastric normal and cancer tissues by SAGE. Genomics 82: 78–85.
96. Acuff H, Sinnamon M, Fingleton B, Boone B, Levy S, et al. (2006) Analysis of
Host-and tumour- Derived Proteinases Using a Custom Dual Species
Microarray Reveals a Protective Role for Stromal Matrix Metalloproteinase-
12 in Non-Small Cell Lung Cancer. Cancer Res 66: 7968.
97. Birkenkamp-Demtroder K, Olesen S, Sorensen F, Laurberg S, Laiho P, et al.
(2005) Differential gene expression in colon cancer of the caecum versus the
sigmoid and rectosigmoid. Gut 54: 374–384.
98. Bray G (2002) The Underlying Basis for Obesity: Relationship to Cancer 1.
J Nutr 132: 3451–3455.
99. Flier J, Cook K, Usher P, Spiegelman B (1987) Severely impaired adipsin
expression in genetic and acquired obesity. Science 237: 405–408.
100. Fasola G, Fanin R, Gherlinzoni F, Galieni P, Taruscio D, et al. (1984) Serum
LDH concentration in non-Hodgkin’s lymphomas. Relationship to histologic
type, tumour mass, and presentation features. Acta Haematol 72: 231–8.
101. Theocharis S, Margeli A, Klijanienko J, Kouraklis G (2004) Metallothionein
expression in human neoplasia. Histopathology 45: 103–118.
102. Jayasurya A, Bay B, Yap W, Tan N (2000) Infiltrating lymphocytes in
undifferentiated nasopharyngeal cancer lack metallothionein expression.
Cancer Lett 155: 99–104.
103. Nakashima M, Cui Z, Tabuchi Y, Takasaki I, Zhao Q, et al. (2008) Apoptosis
induced by an alkylated purine, 6-dimethylaminopurine, and changes in gene
expression in human lymphoma u937 cells. Anticancer research 28: 609.
104. Daniels T, Delgado T, Rodriguez J, Helguera G, Penichet M (2006) The
transferrin receptor part I: Biology and targeting with cytotoxic antibodies for
the treatment of cancer. Clinical Immunology 121: 144–158.
105. Pileri S, Gobbi M, Teresa M, Ivano R, Martinelli G (1984) Immunohistological
study of transferrin receptor expression in non-hodgkin’s lymphoma. British
journal of haematology 58: 501–508.
106. Habeshaw J, Lister T, Stansfeld A, GreavesM(1983) Correlation of transferrin
receptor expression with histological class and outcome in non-hodgkin
lymphoma. The Lancet 321: 498–501.
107. Jeffrey Medeiros L, Picker L, Horning S, Warnke R (1988) Transferrin receptor
expression by nonhodgkin’s lymphomas. correlation with morphologic grade
and survival. Cancer 61: 1844–1851.
108. Bende R, Smit L, Van Noesel C (2006) Molecular pathways in follicular
lymphoma. Leukemia 21: 18–29.
109. Chetaille B, Bertucci F, Finetti P, Esterni B, Stamatoullas A, et al. (2009)
Molecular profiling of classical hodgkin lymphoma tissues uncovers variations
in the tumor microenvironment and correlations with ebv infection and
outcome. Blood 113: 2765.
110. Kamper P, Bendix K, Hamilton-Dutoit S, Honore B, Nyengaard J, et al. (2011)
Tumor-infiltrating macrophages correlate with adverse prognosis and Epstein-
Barr virus status in classical Hodgkin’s lymphoma. Haematologica 96: 269.
111. Moestrup K, Møller J (2004) CD163: a regulated hemoglobin scavenger
receptor with a role in the anti-inammatory response. Annals of medicine 36:
347–354.
112. Coussens L, Werb Z (2002) Inammation and cancer. Nature 420: 860–867.
113. Nielsen T, Hsu F, Jensen K, Cheang M, Karaca G, et al. (2004)
Immunohistochemical and clinical characterization of the basal-like subtype
of invasive breast carcinoma. Clin Cancer Res 10: 5367.
114. Shu J, Jelinek J, Chang H, Shen L, Qin T, et al. (2006) Silencing of
bidirectional promoters by DNA methylation in tumourigenesis. Cancer Res
66: 5077.
115. Li H, Myeroff L, Smiraglia D, Romero M, Pretlow T, et al. (2003) SLC5A8, a
sodium transporter, is a tumour suppressor gene silenced by methylation in
human colon aberrant crypt foci and cancers. Proc Natl Acad Sci USA 100:
8412.
116. Toyota M, Ho C, Ohe-Toyota M, Baylin S, Issa J (1999) Inactivation of
CACNA1G, a T-type calcium channel gene, by aberrant methylation of its 59
CpG island in human tumours. Cancer Res 59: 4535.
117. Lin B, White J, Utleg A, Wang S, Ferguson C, et al. (2003) Isolation and
characterization of human and mouse WDR19, a novel WD-repeat protein
exhibiting androgen-regulated expression in prostate epithelium1. Genomics
82: 331–342.
118. Stojanov M (2007) Genexpressionsstudien in Brustkrebsgeweben mithilfe der
cDNA-Mikroarray- Technologie. Ph.D. thesis, Deutsches Krebsforschungszen-
trum, Heidelberg, Germany.
119. Lin B, Utleg A, Gravdal K, White J, Halvorsen O, et al. (2008) WDR19
expression is increased in prostate cancer compared with normal cells, but low-
intensity expression in cancers is associated with shorter time to biochemical
failures and local recurrence. Clinical Cancer Res 14: 1397.
120. Mosca E, Alfieri R, Merelli I, Viti F, Calabria A, et al. (2010) A multilevel data
integration resource for breast cancer study. BMC Systems Biology 4: 76.
121. Graham J, Yager M, Hill H, Byth K, O’Neill G, et al. (2005) Altered
progesterone receptor isoform expression remodels progestin responsiveness of
breast cancer cells. Molecular Endocrinology 19: 2713.
122. Esseghir S, Todd S, Hunt T, Poulsom R, Plaza-Menacho I, et al. (2007) A role
for glial cell–derived neurotrophic factor–induced expression by inammatory
Rule-Based Candidate Disease Gene Prioritization
PLoS ONE | www.plosone.org 17 July 2012 | Volume 7 | Issue 7 | e39932
cytokines and ret/gfra1 receptor up-regulation in breast cancer. Cancer Res
67: 11732.
123. Gerhold D, Jensen R, Gullans S (2002) Better therapeutics through
microarrays. Nat Genet 32: 547–551.
124. Chu W, Ghahramani Z, Falciani F, Wild D (2005) Biomarker discovery in
microarray gene expression data with Gaussian processes. Bioinformatics 21:
3385–3393.
125. Lecocke M, Hess K (2006) An empirical study of univariate and genetic
algorithm-based feature selection in binary classification with microarray data.
Cancer Informatics 2: 313.
126. Liu J, Zhou H (2003) Tumor classification based on gene microarray data and
hybrid learning method. In: Proc. Int. Conf. on Machine Learning and
Cybernetics. pp 2275–2280.
127. Goh L, Kasabov N, Song Q (2004) A novel feature selection method to
improve classification of gene expression data. In: Second Asia-Pacific
Bioinformatics Conference (APBC 2004). ACS, pp 161–166.
128. Hu Y, Kasabov N (2008) Ontology-Based Framework for Personalized
Diagnosis and Prognosis of Cancer Based on Gene Expression Data. Lect
Notes Comput Sci 4985: 846–855.
Rule-Based Candidate Disease Gene Prioritization
PLoS ONE | www.plosone.org 18 July 2012 | Volume 7 | Issue 7 | e39932
